The concepts of statistical decision theory were applied to the photographic tone reproduction system to develop an objective measurement of tone reproduction accuracy called the "expected loss."
Introduction
One of the first attempts to quantify the photographic process was made by Hurter and Driffield in 1890. 1 The result of this investigation was the description of the photosensitive material in terms of the negative logarithm of the opacity (i.e. optical density) as a function of the logarithm of the exposure. Today, this is better known as the "D -logH" curve. In 1920, Jones applied this concept to characterize the "tone reproduction" of a photographic system. ' By cascading the transfer characteristics of each element of the photographic system together, the relative luminances of the original scene could be compared with those of the reproduction.
He hypothesized the optimum photographic system to be that which would result in the exact 1:1 reproduction of the relative luminances.
Essentially what this implied was a linear relationship between input log luminance and output density for the "optimum" system.
As noted by Bartleson,' this method served as the basis for most tone reproduction studies for many years.
More recently, experimentation with the visual perception of brightness has shown that Jones' approach is actually oversimplified.
Stevens' work with brightness perception in a simple field led him to conclude that brightness perceived by an observer was not simply proportional to the logarithm of luminance, but was more appropriately described by a power function of luminance, of the form:
B =a (L-Lo)n (1) where: B = perceived brightness, L = luminance, Lo = threshold luminance, and a,n are constants.
Bartleson and Breneman extended this concept and found that if a complex field such as a photograph was considered, perceived brightness was more closely a power function with an exponential decay.5 They proposed the following function to describe this relationship: B = 10a Lß /antilog(Y exp(6 logL)) (2) where a, ß, Y, and d are parametric constants which are functions of illuminace level, and surround luminance. Their results indicated that the rate of increase of relative brightness with log luminance was essentially constant with changes in absolute illuminance, but varied significantly with changes in the relative luminance of the region surrounding the picture.
This meant that perceived relative brightness levels were almost independent of the actual viewing illuminance for identical viewing conditions. But comparatively, an image viewed with a dark surround (such as when viewing slides) exhibited a significant loss of the image contrast relative to when it was viewed with a light surround. This was consistent with the work of Clark who found that "the rate of change of perceived brightness as a function of log luminance is less with dark surrounds than with illuminated surrounds. "6 These effects were also similar to the observations reported by Breneman," and to the effects of visual induction as reported by Jameson and Hurvich.6 Introduction One of the first attempts to quantify the photographic process was made by Hurter and Driffield in 1890. 1 The result of this investigation was the description of the photosensitive material in terms of the negative logarithm of the opacity (i.e. optical density) as a function of the logarithm of the exposure. Today, this is better known as the "D-logH" curve. In 1920, Jones applied this concept to characterize the "tone reproduction" of a photographic system. 2 By cascading the transfer characteristics of each element of the photographic system together, the relative luminances of the original scene could be compared with those of the reproduction. He hypothesized the optimum photographic system to be that which would result in the exact 1:1 reproduction of the relative luminances. Essentially what this implied was a linear relationship between input log luminance and output density for the "optimum" system. As noted by Bartleson, 3 this method served as the basis for most tone reproduction studies for many years.
More recently, experimentation with the visual perception of brightness has shown that Jones f approach is actually oversimplified. Stevens* work with brightness perception in a simple field1* led him to conclude that brightness perceived by an observer was not simply proportional to the logarithm of luminance, but was more appropriately described by a power function of luminance, of the form:
where: B = perceived brightness, L = luminance, L0 = threshold luminance, and a,n are constants.
Bartleson and Breneman extended this concept and found that if a complex field such as a photograph was considered, perceived brightness was more closely a power function with an exponential decay. 5 They proposed the following function to describe this relationship:
where a, $, Y, and 6 are parametric constants which are functions of illuminace level, and surround luminance. Their results indicated that the rate of increase of relative brightness with log luminance was essentially constant with changes in absolute illuminance, but varied significantly with changes in the relative luminance of the region surrounding the picture. This meant that perceived relative brightness levels were almost independent of the actual viewing illuminance for identical viewing conditions. But comparatively, an image viewed with a dark surround (such as when viewing slides) exhibited a significant loss of the image contrast relative to when it was viewed with a light surround. This was consistent with the work of Clark who found that "the rate of change of perceived brightness as a function of log luminance is less with dark surrounds than with illuminated surrounds."6 These effects were also similar to the observations reported by Breneman, 7 and to the effects of visual induction as reported by Jameson and Hurvich. 8 Later in the same year, Bartleson and Breneman published a paper which utilized their data on perceived brightness to analyze tone reproduction in the photographic process. 9 They determined, using their brightness perception function, that optimum quality would result for the reproduction process and viewing condition combination, when the brightnesses relative to a reference white were reproduced in a one to one relationship. They showed that their results were consistent with those of several subjective tone reproduction experiments which had been previously performed. The implication of this relationship was that the physical gradient of the tone reproduction system should be dependent on the viewing condition, so as to produce the desired one to one reproduction of the brightness relative to the reference white.
In general, Bartleson and Breneman determined that the gradient for a reflection print viewed under normal conditions should be approximately 1.0, and the gradient for a transparency viewed with a dark surround should be about 1.5.
In 1968, Bartleson published the results of an experiment he had done to determine whether differences from this optimum tone reproduction would be a valid measurement of the quality of the tone reproduction system.' He hypothesized that deviations from optimum reproduction could be characterized with the relationship: r E (Bo B1)2 where: (3) A = deviation from optimum quality, Bi = scene relative brightness, and Bo = reproduction relative brightness.
Comparing his results to Clark's findings on the measurement of tone reproduction quality, ' Bartleson found that there was a significant relationship between quality and his measurement of deviation from optimum reproduction.
To produce the degree of correlation which he desired though, Bartleson found that it was necessary to use an eigenvector weighting function to scale the data; this removed inconsistencies which he attributed to the difference in the relative importance of different densities in the reproduction. (4) where: L ** = lightness, R = reflectance, R. = reflectnace of the reference white, and A,B, and a are constants which depend on the surround luminance. But not all scenes are what could be called "typical."
In the graphic arts field, photographs are often labeled as "high-key," "normal-key," or "low -key" depending on the overall tonal content of the image.
A highkey image, for example, would be one which is dominated by primarily high brightnesses. Jorgensen13 has noted that the same system may not produce all these types of scenes equally well, i.e. a tone reproduction system that works well for low key scenes may not be the best for normal or high -key scenes.
Application of decision theory concepts
It was the hypothesis of this research that a decision theory approach to the analysis of tone reproduction data would take into account the characteristics of each individual scene, and would accordingly result in a measure of how well a given scene can be reproduced by some specific system. In the terms of decision theory, decrease in the accuracy of the tone reproduction could be considered equivalent to an increase in the quantity called the "risk."
Risk is defined to be the expected value of the loss function, and is therefore often perception function, that optimum quality would result for the reproduction process and viewing condition combination, when the brightnesses relative to a reference white were reproduced in a one to one relationship. They showed that their results were consistent with those of several subjective tone reproduction experiments which had been previously performed. The implication of this relationship was that the physical gradient of the tone reproduction system should be dependent on the viewing condition, so as to produce the desired one to one reproduction of the brightness relative to the reference white.
In 1968, Bartleson published the results of an experiment he had done to determine whether differences from this optimum tone reproduction would be a valid measurement of the quality of the tone reproduction system. 3 He hypothesized that deviations from optimum reproduction could be characterized with the relationship:
where:
A = deviation from optimum quality, BJ_ = scene relative brightness, and B o = reproduction relative brightness.
Comparing his results to Clark's findings on the measurement of tone reproduction quality, 6 Bartleson found that there was a significant relationship between quality and his measurement of deviation from optimum reproduction.
To produce the degree of correlation which he desired though, Bartleson found that it was necessary to use an eigenvector weighting function to scale the data; this removed inconsistencies which he attributed to the difference in the relative importance of different densities in the reproduction. He hypothesized, for example, that high density areas may not be as important as low density regions in many scenes. This seems to indicate that the importance of accurate reproduction of the relative brightnesses may be, in some way, a function of the actual scene brightness distribution. In 1981, Dom 11 applied Bartleson's lightness function to the work done by Yule 12 on optimum tone reproduction, and was able to show that this function did yield the expected linear relationship between relative brightness of the scene and relative brightness of the original for optimum reproduction. Dom also warns that the experiments of Yule, upon which his conclusions were based, were done with "more or less typical originals," and that the significance of the results could not be extended beyond such images. This statement is also true for most of the other experiments upon which the published results have been based.
But not all scenes are what could be called "typical." In the graphic arts field, photographs are often labeled as "high-key," "normal-key," or "low-key" depending on the overall tonal content of the image. A highkey image, for example, would be one which is dominated by primarily high brightnesses. Jorgensen 13 has noted that the same system may not produce all these types of scenes equally well, i.e. a tone reproduction system that works well for low key scenes may not be the best for normal or high-key scenes.
Risk is defined to be the expected value of the loss function, and is therefore often called the "expected loss". Formally defined, the risk is given by the relationship: 11*
where R[] is the risk, L[] is the loss function, 9 is the "state of nature ", and d(z) is the "decision function." Applying this to tone reproduction, it would seem reasonable to associate the "state of nature" with the actual reproduced relative brightness which shall be called Bo, and to associate the "decision" with a one to one reproduction of brightnesses relative to white. Therefore, if the relative brightness of the scene is labeled Bi, our decision function becomes: d(Bi) = Bi. (6) This is justified on the basis that the well established results have "decided" that the relative brightness reproduced by a system should equal the relative scene brightness at each brightness level for optimum reproduction.
The loss function is a measurement of the variation from the optimum conditions. It would seem logical that the loss function should equal zero when Bi = Bo, and that the loss function should be increasing with the absolute difference: 1130-Bi 1.
A typical loss function which has these properties is the so-called "quadratic loss function:j14
Bartleson's approach to quantifying reproduction quality,3 which was discussed earlier, used essentially this function to weight the deviations from optimum (see equation 3).
At this point, it is necessary to make the assumption that B1 is a random variable, i.e. the distribution of Bi depends randomly on the particular image, I. This distibution can be characterized by a conditional probability density function, p(BiII). Using the well known mathematical relationship for the expected value of a function:
the statistical risk of the tone reproduction system can now be expressed by the following relationship:
It can be seen that the effect of this calculation is to measure the differences between the optimum and the actual relative brightness reproduction curves at each brightness, and to weight them according to the fractional area of the scene which occurs at that brightness level.
Preparation of Test Prints
To test the ability of the calculated "expected loss" to predict psychophysically perceived tone reproduction accuracy, it was necessary to generate a series of test prints which could be examined using both the expected loss algorithm, and subjective scaling methods.
It was decided to select several high quality photographs with a variety of brightness distributions, and to use them as "scenes" which could then be reproduced by subsequent photographic systems.
This approach was desirable because the "scenes" could be directly compared with the reproductions during the subjective evaluation.
Chung's research15 on the subject of image classification based on the scene brightness distribution used a collection of scenes which he showed to exhibit a variety of brightness distribution characteristics.
Since these images were readily available, they were chosen to be used as the originals for this research. Four photographs were chosen out of his original six which covered the entire range of scene types from low -key to high -key.
These four photographs are shown in Figure 1 . Scene (b) would be classified as high -key, scene (d) as low -key, and the other two as somewhat "normal" scenes.
For each of the four scenes, it was necessary to make reproductions using a variety of tone reproduction systems.
For each original, a series of nine reproductions was made which consisted of three variations in contrast and, three variations in overall density level. To facilitate the easy measurement of the system tone reproduction response without the need for cascading transfer characteristics, a 20 -step gray scale was reproduced adjacent to each of the originals.
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This is justified on the basis that the well established results have "decided" that the relative brightness reproduced by a system should equal the relative scene brightness at each brightness level for optimum reproduction.
The loss function is a measurement of the variation from the optimum conditions. It would seem logical that the loss function should equal zero when B^ = Bo , and that the loss function should be increasing with the absolute difference: |Bo-Bj|. A typical loss function which has these properties is the so-called "quadratic
Bartleson f s approach to quantifying reproduction quality, 3 which was discussed earlier, used essentially this function to weight the deviations from optimum (see equation 3).
At this point, it is necessary to make the assumption that B^ is a random variable, i.e. the distribution of B^ depends randomly on the particular image, I.
This distibution can be characterized by a conditional probability density function, p(BjJl). Using the well known mathematical relationship for the expected value of a function:
To test the ability of the calculated "expected loss" to predict psychophysically perceived tone reproduction accuracy, it was necessary to generate a series of test prints which could be examined using both the expected loss algorithm, and subjective scaling methods. It was decided to select several high quality photographs with a variety of brightness distributions, and to use them as "scenes" which could then be reproduced by subsequent photographic systems. This approach was desirable because the "scenes" could be directly compared with the reproductions during the subjective evaluation.
Chung's research 15 on the subject of image classification based on the scene brightness distribution used a collection of scenes which he showed to exhibit a variety of brightness distribution characteristics. Since these images were readily available, they were chosen to be used as the originals for this research. Four photographs were chosen out of his original six which covered the entire range of scene types from low-key to high-key. These four photographs are shown in Figure 1 . Scene (b) would be classified as high-key, scene (d) as low-key, and the other two as somewhat "normal" scenes.
For each of the four scenes, it was necessary to make reproductions using a variety of tone reproduction systems. For each original, a series of nine reproductions was made which consisted of three variations in contrast and, three variations in overall density level. To facilitate the easy measurement of the system tone reproduction response without the need for cascading transfer characteristics, a 20-step gray scale was reproduced adjacent to each of the originals. (b) would be considered "high-key," (d) would be considered "lowkey," and (a) and (c) would be "normal-key."
Measurement of expected loss
The value of the expected loss for a tone reproduction system is represented by equation (9) . 
To calculate the value of the expected loss for each of the reproductions, it was necessary to determine both the brightness distribution of the scenes, and the tone reproduction characteristics of each photographic process.
The reflectance distributions of the four originals were measured with a scanning reflection densitometer using a 0.2" diameter aperture.
These reflectance histograms were then transformed to produce brightness probability density functions.
From the gray scales reproduced with each of the scenes, the tone reproduction characteristics of each print were directly determined by measuring the original and reproduced densities on a densitometer.
The measured densities were then converted to L ** lightness values to produce relative brightness reproduction curves. Figure 1 : Scenes which were used in testing, (b) would be considered "high-key," (d) would be considered "lowkey," and (a) and (c) would be "normal-key."
The value of the expected loss for a tone reproduction system is represented by equation (9) . For the purposes of this investigation, Bartleson's "lightness" value, L**, was used as a measure of the relative brightnesses. 'With the appropriate constants substituted for prints viewed with a light surround, the lightness function is given by: 
The reflectance distributions of the four originals were measured with a scanning reflection densitometer using a 0.2" diameter aperture. These reflectance histograms were then transformed to produce brightness probability density functions.
From the gray scales reproduced with each of the scenes, the tone reproduction characteristics of each print were directly determined by measuring the original and reproduced densities on a densitometer. The measured densities were then converted to L** lightness values to produce relative brightness reproduction curves.
Using the measured brightness probability density functions, and the system brightness reproduction characteristics, the expected loss for each scene /system combination was determined by evaluating equation (9) using a numerical integration technique.
Subjective evaluation of reproductions
The method of "magnitude estimation" was used to determine the perceived tone reproduction accuracy for each of the prints.
With this technique, an "anchor" is set against which the magnitude of some response can be compared. For example, a judge might be told that some particular standard had a value of 40, and be asked to estimate the magnitude of some test stimuli with respect to the anchor's value. In many magnitude estimation studies, the test stimuli are presented one at a time to the judge, who then assigns each stimuli a value individually.
In this experiment, the judges were given all of the stimuli together to reduce any changes in their "internal scale" during the evaluation.
Since the hypothesis of this investigation was that the expected loss would predict the reproduction accuracy of some image relative to the original scene from which it was reproduced, it. was decided that the most appropriate anchor for this test would be the original scene itself. Since by definition, the optimum tone reproduction system should reproduce the scene exactly, brightness for brightness, it would never be possible to have a reproduction which is "more accurate" than the original.
The original scenes were therefore assigned a value of 100 and the judges were told that they could give the reproductions magnitudes between 0 and 100. The instructions stressed that the values which the judge assigned to each print should be only representative of the "accuracy" of the reproduction, regardless of aesthetic quality, or any print defects such as scratches or dust.
Thirty judges were used, most of which had at least moderate experience in some aspect of photography.
All judging was conducted in a viewing booth which was constructed using flourescent illumination of approximately 1300 lux.
A four foot long scale was provided in the booth which was marked off from 0 to 100 to aid the judges in estimating the accuracy values for the prints.
Each judge was given, one at a time, each of the four originals and the group of reproductions that were made from that original.
They were then instructed to lay the prints out on the scale at values which were representative of their accuracy.
The judges were given up to fifteen minutes per set to arrange the prints, and then were asked to report the values they wished to assign to each print.
The results from the thirty judges were then tabulated, and the mean value of the subjective accuracy was calculated for each reproduction.
Results
Initial analysis showed that the relationship between the judged tone reproduction accuracy and the expected loss was not linear.
However, a log -log plot of the data indicated that the results could be linearized implying a power function relationship between the quantities.
Since the choice of the quadratic loss function was somewhat arbitrary, it was decided to examine several forms of loss functions to determine which one which would yield the best relationship.
The first form for the loss function which was investigated was a general power function:
LCBo,Bi] = IBo-BiIN (11) where N is the power of the loss function.
The quadratic loss function is simply a special case of the power function with N =2. Values of N were investigated from N =0.1 up to N =5.0. Using a stepwise multiple regression, it was found that the third order (N =3) loss function produced the most significant relationship resulting in a correlation coefficient of 0.73. Functionally: log(TA) _ (-0.14)log(ELN =3) + 2.15 (12) where: TA = subjectively determined tone reproduction accuracy, and ELN =3 = Expected loss with third order power function.
An exponential loss function of the form: L[Bo,Bi] = exp(AIBo-Bi I) (13) was also tried, where A is a constant. The optimum value of A was determined to be 2.0, which resulted in a correlation coefficient of 0.78.
The functional relationship resulting from the regression was:
log(TA) = (-0.017)log(ELA=2) + 1.942 (14) 18 / SPIE Vol 549 Image Quality: An Overview (1985)
Using the measured brightness probability density functions, and the system brightness reproduction characteristics, the expected loss for each scene/system combination was determined by evaluating equation (9) using a numerical integration technique.
Subjective evaluation of reproductions
The method of "magnitude estimation" was used to determine the perceived tone reproduction accuracy for each of the prints. With this technique, an "anchor" is set against which the magnitude of some response can be compared. For example, a judge might be told that some particular standard had a value of 40, and be asked to estimate the magnitude of some test stimuli with respect to the anchor's value. In many magnitude estimation studies, the test stimuli are presented one at a time to the judge, who then assigns each stimuli a value individually. In this experiment, the judges were given all of the stimuli together to reduce any changes in their "internal scale" during the evaluation.
Since the hypothesis of this investigation was that the expected loss would predict the reproduction accuracy of some image relative to the original scene from which it was reproduced, it. was decided that the most appropriate anchor for this test would be the original scene itself. Since by definition, the optimum tone reproduction system should reproduce the scene exactly, brightness for brightness, it would never be possible to have a reproduction which is "more accurate" than the original. The original scenes were therefore assigned a value of 100 and the judges were told that they could give the reproductions magnitudes between 0 and 100. The instructions stressed that the values which the judge assigned to each print should be only representative of the "accuracy" of the reproduction, regardless of aesthetic quality, or any print defects such as scratches or dust.
Thirty judges were used, most of which had at least moderate experience in some aspect of photography. All judging was conducted in a viewing booth which was constructed using flourescent illumination of approximately 1300 lux. A four foot long scale was provided in the booth which was marked off from 0 to 100 to aid the judges in estimating the accuracy values for the prints. Each judge was given, one at a time, each of the four originals and the group of reproductions that were made from that original. They were then instructed to lay the prints out on the scale at values which were representative of their accuracy. The judges were given up to fifteen minutes per set to arrange the prints, and then were asked to report the values they wished to assign to each print. The results from the thirty judges were then tabulated, and the mean value of the subjective accuracy was calculated for each reproduction.
Results
Initial analysis showed that the relationship between the judged tone reproduction accuracy and the expected loss was not linear. However, a log-log plot of the data indicated that the results could be linearized implying a power function relationship between the quantities.
Since the choice of the quadratic loss function was somewhat arbitrary, it was decided to examine several forms of loss functions to determine which one which would yield the best relationship. The first form for the loss function which was investigated was a general power function: 11) where N is the power of the loss function. The quadratic loss function is simply a special case of the power function with N=2. Values of N were investigated from N=0.1 up to N=5.0. Using a stepwise multiple regression, it was found that the third order (N=3) loss function produced the most significant relationship resulting in a correlation coefficient of 0.73. Functionally:
TA = subjectively determined tone reproduction accuracy, and EL,N=3 = Expected loss, with third order power function.
An exponential loss function of the form:
LCBo.Bi] = exp(A|B0-Bi|) (13) was also tried, where A is a constant. The optimum value of A was determined to be 2.0, which resulted in a correlation coefficient of 0.78. The functional relationship resulting from the regression was:
log(TA) = (-0.017)log(EL A=2 ) + 1.942
ELA =2 = expected loss using exponential loss function with A =2. Figure 2 illustrates the results obtained using this loss function. Although the exponential loss function produced slightly better results than were obtained using the power loss function, the correlation is still not high enough to indicate that there is a strong relationship between the subjectively determined tone reproduction accuracy and the expected loss. Statistical analysis of the data indicated that there was no scene dependance of the regression relationship; however, there was a significant difference in the degree of correlation for each scene. Table 1 shows the correlation coefficients associated with each original when using the exponential loss function. In particular, scene D (the night scene) has a much lower level of correlation. Table 1 . Correlation coefficients for scene regressions using exponential loss function with A =2.
Discussion
In its present form, the expected loss value as a measurement of the tone reproduction accuracy for a photographic system has apparently only a limited utility as is evidenced by the relatively low overall correlation coefficient which was obtained.
It appears that the model is failing to take into account some aspect of the subjective process which an observer uses to evaluate the accuracy of the reproduction of a scene.
There are several factors which have been identified as possibilities, and it may be that all, or some are responsible for the lack of correlation observed in this research.
One factor may be tied to the observer's perception of the aesthetic quality of the various reproductions.
When being given testing instructions, it was stressed that the judge should not consider any personal preference he may have for one image over another, but that he should only consider the level of accuracy with which the reproduction was made.
But, despite any amount of instructions, it is impossible for an observer to where:
expected loss using exponential loss function with A=2. Figure 2 illustrates the results obtained using this loss function.
Although the exponential loss function produced slightly better results than were obtained using the power loss function, the correlation is still not high enough to indicate that there is a strong relationship between the subjectively determined tone reproduction accuracy and the expected loss. Statistical analysis of the data indicated that there was no scene dependance of the regression relationship; however, there was a significant difference in the degree of correlation for each scene. Table 1 shows the correlation coefficients associated with each original when using the exponential loss function. In particular, scene D (the night scene) has a much lower level of correlation. 
In its present form, the expected loss value as a measurement of the tone reproduction accuracy for a photographic system has apparently only a limited utility as is evidenced by the relatively low overall correlation coefficient which was obtained. It appears that the model is failing to take into account some aspect of the subjective process which an observer uses to evaluate the accuracy of the reproduction of a scene. There are several factors which have been identified as possibilities, and it may be that all, or some are responsible for the lack of correlation observed in this research.
One factor may be tied to the observer's perception of the aesthetic quality of the various reproductions. When being given testing instructions, it was stressed that the judge should not consider any personal preference he may have for one image over another, but that he should only consider the level of accuracy with which the reproduction was made. But, despite any amount of instructions, it is impossible for an observer to completely ignore his personal reaction to an image.
For example, if he likes the picture, the observer may tend to give it a higher rating regardless of the accuracy with which it was reproduced.
Conversely, if the observer does not like the scene he may unconsciously rate that reproduction lower than he would have with another scene of identical characteristics.
Another possible factor may be due to a false assumption in the derivation of the expected loss relationship.
In the derivation, it was assumed that all parts of the scene are of equal importance.
The effect of the expected loss calculation is to weight the ability of a system to reproduce a brightness by the fractional area of the image which contains that brightness, regardless of the content of that area. Thus if two equal areas of uniform brightness in a photograph are considered, the merit function will assume that they are equally important, whereas to an observer it is very possible they are not.
The low correlation in the low-key night scene may be a result of this effect.
Much of the image was made up of a uniform density background of very high density, with the main object occupying a smaller fraction of the image. The expected loss algorithm tended to weight the background as being very important because of its relatively high probability, so that if the density of the reproduced image were close to that of the original in this density range a low expected loss value would be calculated. In contrast, it appeared that this region may not have been as important to the observers who tended to rate prints higher in which the buildings were reproduced more accurately.
Although it may be impractical to consider quantifying this type of subjective response in some fully automated process, it does seem conceivable that a model could be developed which could include some sort of "importance factor" for various regions of the scene, which could be used to weight the expected loss calculation in some way. One such model would be: (15) where L(x,y) is the loss of the tone reproduction system as a function of the image position, and W(x,y) is the importance factor as a function of the image position. Although it may be possible to develop such a model, it seems that much of the utility of the merit function would be lost in the process.
Any such algorithm would somehow have to determine the relative importance of the various scene elements. This would necessitate either some sort of subjective input (which is the very factor the model was attempting to eliminate), or a sophisticated image processing algorithm which would be quite difficult to design and implement.
Conclusions
From the results obtained in this research, it can be concluded that there is a significant relationship between the expected loss value for a tone reproduction reproduction system as derived using statistical decision theory, and subjectively determined tone reproduction accuracy. However, the degree of correlation is not high enough for this merit function to be of great value for the optimization or classification of a tone reproduction system. It was determined that an exponential loss function with A =2 produced the best fit to the experimental data, resulting in a correlation coefficient of 0.78.
It is hypothesized that the major failure of the model was in its inability to take into consideration the relative importance of various areas of the scene.
Apparently an observer will judge some regions of a reproduction more critically than others depending on its image content, rather than considering all regions of the print equally as was assumed in the derivation of this model. It may be possible to modify the expected loss algorithm to better simulate the subjective process which an observer uses when evaluating a tone reproduction system. completely ignore his personal reaction to an image. For example, if he likes the picture, the observer may tend to give it a higher rating regardless of the accuracy with which it was reproduced. Conversely, if the observer does not like the scene he may unconsciously rate that reproduction lower than he would have with another scene of identical characteristics.
Another possible factor may be due to a false assumption in the derivation of the expected loss relationship. In the derivation, it was assumed that all parts of the scene are of equal importance. The effect of the expected loss calculation is to weight the ability of a system to reproduce a brightness by the fractional area of the image which contains that brightness, regardless of the content of that area. Thus if two equal areas of uniform brightness in a photograph are considered, the merit function will assume that they are equally important, whereas to an observer it is very possible they are not. The low correlation in the low-key night scene may be a result of this effect. Much of the image was made up of a uniform density background of very high density, with the main object occupying a smaller fraction of the image. The expected loss algorithm tended to weight the background as being very important because of its relatively high probability, so that if the density of the reproduced image were close to that of the original in this density range a low expected loss value would be calculated. In contrast, it appeared that this region may not have been as important to the observers who tended to rate prints higher in which the buildings were reproduced more accurately.
Although it may be impractical to consider quantifying this type of subjective response in some fully automated process, it does seem conceivable that a model could be developed which could include some sort of "importance factor" for various regions of the scene, which could be used to weight the expected loss calculation in some way. One such model would be: EL = L(x,y) W(x,y) dxdy (15) where L(x,y) is the loss of the tone reproduction system as a function of the image position, and W(x,y) is the importance factor as a function of the image position. Although it may be possible to develop such a model, it seems that much of the utility of the merit function would be lost in the process. Any such algorithm would somehow have to determine the relative importance of the various scene elements. This would necessitate either some sort of subjective input (which is the very factor the model was attempting to eliminate), or a sophisticated image processing algorithm which would be quite difficult to design and implement.
From the results obtained in this research, it can be concluded that there is a significant relationship between the expected loss value for a tone reproduction reproduction system as derived using statistical decision theory, and subjectively determined tone reproduction accuracy. However, the degree of correlation is not high enough for this merit function to be of great value for the optimization or classification of a tone reproduction system. It was determined that an exponential loss function with A=2 produced the best fit to the experimental data, resulting in a correlation coefficient of 0.78.
Apparently an observer will judge some regions of a reproduction more critically than others depending on its image content, rather than considering all regions of the print equally as was assumed in the derivation of this model. It may be possible to modify the expected loss algorithm to better simulate the subjective process which an observer uses when evaluating a tone reproduction system.
